Overnight basal insulin requirements to maintain eugycemia were determined in six insulin-requiring diabetic subjects using a feedback-controlled (closed loop) insulin infusion system. Mean hourly insulin infusion rates, required to maintain plasma glucose concentrations at approximately 100 mg/dl, were remarkably stable from 2400 h to 0600 h; however, a twofold to threefold increase in insulin requirements was observed in each subject between 0600 h and 0900 h. This increase in amount of basal insulin required was not associated with increases in plasma glucagon or growth hormone concentrations, but occurred simultaneously with normal diurnal increases in plasma cortisol. These findings suggest that normal diurnal increases in plasma cortisol, independent of the content of the morning meal, contribute to the increased amount of morning insulin required in diabetic subjects. Programs designed for optimal open loop insulin delivery may benefit from modifications designed to coincide with this increase in amount of basal insulin required in the early morning. DIABETES 29:78-80, January 1980.
between 0600 h and 0900 h. This diurnal variability in basal insulin requirements is synchronous with the diurnal increase in plasma cortisol seen in these diabetic subjects.
METHODS
Six insulin-requiring diabetic subjects (ages 12-36 yr), each within 10% of ideal body weight (Metropolitan Life Insurance Tables), were studied on the Clinical Research Units at the University of Virginia and at Washington University. Informed consent was obtained from each subject and his parents where applicable. Each subject had presented in diabetic ketoacidosis at the time of original diagnosis and had required subcutaneous insulin therapy for at least 1 yr before the study.
Control of each subject's plasma glucose concentrations was initiated with a bedside, closed-loop, insulin delivery system (Biostator, Miles Laboratories) before breakfast or after the evening meal. Four subjects were studied on the day of admission, while two were studied 4 days after admission. The characteristics of the Biostator and its use in diabetic subjects have been reported previously. 1 -2 Postprandial hyperglycemia was corrected within 6 h of Biostator control, and plasma glucose concentrations were maintained at approximately 100 mg/dl from 2400 h to 0900 h. All patients slept from 2400 h to 0900 h. Mean hourly basal insulin requirements, defined as the amount of insulin required to maintain euglycemia after the plasma glucose concentrations had been lowered to 100 mg/dl for at least 1 h, were calculated from the printout of the minute-by-minute insulin delivery by the Biostator. Blood samples were obtained at 2400 h and at 0600 h fordetermination of cortisol, glucagon, and growth hormone concentrations. Plasma cortisol was measured in a competitive protein-binding assay, 3 while plasma glucagon 4 and growth hormone 5 were measured by radioimmunoassay.
Statistical analyses were performed utilizing a paired t test, and all data are expressed as mean ±1 SE.
RESULTS
Mean plasma glucose concentrations were maintained at 96 ± 1 mg/dl from 2400 h to 0900 h (Table 1) . No patient TABLE 1 * Mean hourly plasma glucose concentrations (mg/dl) and mean plasma glucose concentrations (mg/dl ± SE) from 2400 h to 0600 h and from 0600 h to 0900 h in six insulin-requiring diabetic subjects X SEM Patient no.:
2400-0100 0100-0200 0200-0300 0300-0400 0400-0500 0500-0600 X, 2400-0600 0600-0700 0700-0800 0800-0900 X, 0600-0900 exhibited a mean hourly plasma glucose concentration of less than 66 mg/dl or greater than 124 mg/dl, and neither of these extremes occurred within 3 h of 0600 h. Mean hourly basal insulin requirements were low and constant (12 ± 0.5 mU/kg/h) in each individual from 2400 h to 0600 h, but increased significantly to 23 ± 2 mU/kg/h (P < 0.025) between 0600 h and 0900 h ( Table 2 ). The increase in individual insulin requirements ranged from 38 to 1300%. No consistent correlation was observed between the degree of nocturnal decrease in plasma glucose and the subsequent rise in insulin requirements after 0600 h. Infusions of dextrose were not required to correct for overinsulinization at any time. Plasma glucagon concentrations averaged 163 ± 22 pg/ml by 0600 h (P < 0.01), while plasma growth hormone concentrations fell from 10.3 ± 6 ng/ml at 2400 h to 1.6 ± 0.5 ng/ml at 0600 h (Table 3) . Mean plasma cortisol concentrations increased from 2.4 ± 0.5 /^g/rnl at 2400 h to 13.2 ± 1.4/xg/ml (P < 0.001) at 0600 h.
DISCUSSION
In previous studies using feedback-controlled (closed loop) insulin delivery systems, it was demonstrated that significantly greater amounts of insulin are required intravenously to normalize blood glucose concentrations after breakfast than after either lunch or dinner.
2 ' 6 ' 7 This finding has been corroborated in recent studies utilizing nonfeedback-controlled preprogrammed (open loop) insulin delivery systems, which infuse insulin either intravenously or subcutaneously. 8 - 9 The increased amount of insulin required by diabetics during breakfast occurs even when subsequent meals contain a larger caloric content. In normal subjects, it has been demonstrated that endogenous insulin release is greater after breakfast than after either lunch or dinner. 10 -12 In the present study, the basal insulin required to maintain euglycemia remain remarkably constant from 2400 h to 0600 h under closed loop glucose control. At 0600 h, a significant increase in insulin requirements is detected. This increase in insulin requirements occurs at a time when plasma glucagon and growth hormone concentrations are low, but plasma cortisol concentrations are significantly elevated. Although it could be postulated that the changes in insulin requirements observed in our patients within a single 24 h period are transient, parallel studies in four insulinrequiring diabetic patients on 3-10 consecutive days utilizing an open-loop (preprogrammable) insulin delivery system have uncovered a. 68 ± 9% rise in plasma glucose concentration from 0600 h to 0800 h when insulin was delivered at a constant rate (0.2 to 1.3 U/h) from 2400 h to 0800 h.
Previous studies in our laboratories 13 -14 have demonstrated that overnight-fasted normal children and adults, as well as nondiabetic obese adults, maintain stable plasma glucose, insulin, glucagon, and growth hormone concentrations despite significant increases in early morning plasma cortisol concentrations. However, Shanoon et al. 15 have recently reported that infusions of cortisol (5 mg/m 2 /h), designed to mimic physiologic cortisol increments into normal and insulin-treated euglycemic diabetic subjects, resulted in significant elevations.in blood glucose concentrations only in the diabetic subjects. They suggest that diabetic patients are exquisitely sensitive to cortisol and that normal TABLE 2 Hourly insulin infusion rates (mU/kg/h) and mean insulin infusion rates (mU/kg/h ± SE) from 2400 h to 0600 h and from 0600 h to 0900 h in six insulin-requiring diabetic subjects Patient no.: 2400-0100 0100-0200 0200-0300 0300-0400 0400-0500 0500-0600 X, 2400-0600 0600-0700 0700-0800 0800-0900 X, 0600-0900 elevations in plasma cortisol may be responsible, in part, for glucose instability in.insulin-treated diabetic patients. Our findings suggest that overnight-fasted insulin-requiring diabetic subjects are sensitive to normal diurnal rises in plasma cortisol and that a twofold to threefold increase in early morning basal insulin requirements is necessary to maintain euglycemia in these individuals. It would appear that normal diurnal elevations in plasma cortisol, independent of the content of the morning meal, contribute to the increased morning insulin requirements observed in diabetic subjects. These observations indicate that programs for optimal open-loop insulin delivery may benefit from modifications designed to coincide with the increased basal insulin requirements that occur in diabetic subjects in the early morning hours.
